Abstract. The application of atmospheric pressure plasmas in medicine is increasingly gaining attention in recent years, although very little is currently known about the plasma-induced processes occurring on the surface of living organisms. It is known that most bio-organisms, including bacteria, are coated by a liquid film surrounding them, and there might be many interactions between plasma species and the liquid layer before the plasma species reach the surface of the bio-organisms. Therefore, it is essential to study the behavior of the reactive species in a liquid film, in order to determine whether these species can travel through this layer and reach the biomolecules, or whether new species are formed along the way. In this work, we investigate the interaction of reactive oxygen species (i.e. O, OH, HO 2 and H 2 O 2 ) with water, which is assumed as a simple model system for the liquid layer surrounding biomolecules. Our computational investigations show that OH, HO 2 and H 2 O 2 can travel deep in the liquid layer and are hence in principle able to reach the bio-organism. Furthermore, O, OH and HO 2 radicals react with water molecules through hydrogen-abstraction reactions, whereas no H-abstraction reaction takes place in the case of H 2 O 2 . This study is important to gain insight in the fundamental operating mechanisms in plasma medicine in general, and the interaction mechanisms of plasma species with a liquid film in particular.
Introduction
The use of low-temperature atmospheric pressure plasmas in biology, health care, and medicine is attracting increasing interest and is becoming one of the main topical areas of plasma research [1] [2] [3] . Application fields include disinfection of both living tissue and non-living surfaces (medical tools, diagnostic devices, etc., see e.g., [4] [5] [6] ), tooth bleaching [7] , treatment of skin diseases [8] , killing or apoptosis of cancer cells [9] [10] [11] [12] [13] and even tissue regeneration [14] .
Many experimental studies have been performed on decontamination from bacteria using different types of cold atmospheric pressure plasma (CAPP) sources. An overview of these devices can be found in [15] . Deactivation of both gram-positive and gram-negative bacteria by CAPPs can be carried out in both dry and humid air, as well as in liquid solution [16] [17] [18] [19] . CAPPs create a large variety of plasma species, such as reactive oxygen species (ROS) (e.g., O, OH, HO 2 , H 2 O 2 , O 3 ) and reactive nitrogen species (RNS) (e.g., NO, NO 2 , HNO 2 , ONOOH), which are probably the most important species for biomedical applications [20] .
Effective biomedical application of plasmas requires understanding the interaction mechanisms of the above mentioned plasma species with biochemically relevant structures, in order to control the processes occurring in the contact region of the plasma with the bio-organisms. However, this still remains a big challenge, although some fundamental investigations were already carried out by experiments (see e.g., [21] ).
Computer simulations, on the other hand, are ideally suited to tackle this problem. However, until now very few modeling investigations have been performed to study the interaction processes of the reactive plasma species with biomolecules at the atomic level (see e.g., [22] [23] [24] [25] ).
Recently, we have performed reactive molecular dynamics (MD) simulations to study the interaction mechanisms of ROS with peptidoglycan (PG), which is an important component of the cell wall of grampositive bacteria. It was shown how these ROS can dissociate structurally important bonds of PG (i.e. C-O, C-N and C-C bonds), which in turn will probably lead to cell wall damage [22, 23] . Furthermore, in [24] the interaction of O and OH radicals with α-linolenic acid as a model for the free fatty acids present in the upper skin layer was investigated. Note, however, that we carried out our earlier simulations under 'perfect' conditions (i.e. the PG was without a liquid film surrounding it). In reality, bacteria are typically covered by a liquid layer, which in turn can affect the plasma species; the plasma species can either reach the biomolecules by travelling through this film or they can form new species along the way. Hence, it is important to investigate the behavior of these reactive plasma species in a liquid film.
Therefore, in this paper, we investigate the interaction mechanisms of ROS, more specifically O, OH and HO 2 radicals, as well as H 2 O 2 molecules, with a liquid layer. We use again reactive MD simulations for this purpose, to provide an atomic level insight in the interaction mechanisms, which is not possible with for instance a reaction-diffusion model. Moreover, the latter type of model would require a predefined reaction set, while the reactions in MD simulations are determined self-consistently, not requiring a pre-defined reaction set. We consider water as a model system for the plasma-liquid film interactions, since the largest component of the biofilm (or liquid film) surrounding most bio-organisms, including bacteria, is water [26] . Moreover, many experimental studies on the inactivation of bacteria using CAPP sources are performed in aqueous solutions or water [17-19, 27, 28 ]. Thus, our atomic level investigations are an important contribution towards a better understanding of the basic phenomena and processes occurring on/in a liquid film when being exposed to the bombardment of plasma species.
The MD simulations are based on the reactive force field (ReaxFF) potential [29] . As mentioned above, the impinging plasma species under study are O, OH, HO 2 and H 2 O 2 , which were experimentally identified as being biomedically important [17, 19, 27, [30] [31] [32] [33] [34] . Recently, it has also been demonstrated, by numerical simulations, that chemically reactive species (e.g., O and OH radicals), as well as 'long living' species (e.g., O 3 , H 2 O 2 molecules) are formed in large quantities after the nozzle exit in an argon plasma jet flowing into humid air [35] . Thus, the probability of these species interacting with the surface of living organisms is high. Note that O 3 and RNS are also found to have bactericidal effects (see e.g., [20, 36, 37] ). However, we do not include them in the present study, as the force field used in our simulations does not accurately describe reactions (i.e., bond breaking and formation processes) between these species and water molecules. Nevertheless, the force field is under development and we hope it will be available for the above mentioned species in the near future.
Simulation setup
As mentioned above, our reactive MD simulations are based on the ReaxFF potential [29] . To derive the forces between atoms, we use the C/H/O/N glycine/water parameters developed by Rahaman et al [38] . ReaxFF is based on the bond order/bond distance relationship introduced by Abell [39] . The total energy of the system is the sum of several partial energy terms that include pair interactions, lone electron pairs, atomic under-and overcoordination, valence and torsion angles, conjugation and hydrogen bonding. Moreover, non-bonded interactions, namely van der Waals and Coulomb energy terms are also included, so that not only covalent bonds are described, but also ionic bonds and the whole range of intermediate interactions between all atoms. A more detailed description of ReaxFF and the parameters used in this study can be found elsewhere [38] .
The water system in this study was prepared as follows. First, a box of size 25 Å × 25 Å × 23.93 Å was filled with 500 water molecules. This resulted in a density of 1 g/cm 3 . Water molecules were added one by one to the system with random positions (to avoid overlapping). The system was then equilibrated for 500 ps in the canonical ensemble, following NVT dynamics (i.e., a system with constant number of particles N, volume V and temperature T), at room temperature (i.e., 300 K), employing the Bussi thermostat [40] with a coupling constant of 100 fs. Note that this thermostat differs from the Berendsen thermostat [41] in the way of calculating the scaling factor and it is able to correctly generate the canonical ensemble. Therefore, there is no need to relax the resulting structure in the microcanonical NVE ensemble (i.e., system with constant number of particles N, volume V and energy E), as was done before in our previous work [22, 23] using the Berendsen heat bath. The obtained structure is subsequently placed in a new box with dimensions 25 Å × 25 Å × 80 Å and the structure is allowed to expand in the two z-directions for 100 ps, again in the Bussi thermostat. This is done in order to create a liquid-gas interface to investigate the interaction of plasma species with water, when they impact the surface from the gas phase (or plasma). In all simulations (i.e., during the thermalization, as well as during the particle impact simulations) we used a time step of 0.25 fs. Periodic boundary conditions are applied in the x and y directions to mimic the infinity of the system. Figure 1 illustrates the model system under study (i.e., water, see (a)) and its mass density profile (see (b)). To keep the structure from drifting in the z-direction, we employ center-of-mass restraints, i.e., the distance between the center of mass of water (z=36.2 Å) and a dummy atom (at z=5 Å) is kept constant. The water density profile shows that there are two interfaces, i.e., above and below the water slab, where the density increases (or decreases) along the z-axis. Moreover, the density becomes more or less constant (around 0.9 g/cm 3 ) between z=26 and 46 Å and this corresponds to bulk water. This profile is very similar to the density profile obtained by ab initio MD simulations reported in [42] .
Figure 1: Water slab (shown in grayish green color) with two interfaces above and below (a), and its mass density profile (b). A dummy atom (not shown here) is positioned at z=5 Å, and the distance between this atom and the center of mass of water (z=36.2 Å) is restrained, to keep the structure from drifting in the z-direction.

Results and discussion
Validation of the model system
In order to validate the model of water used in our simulations, we investigated the structural, static and dynamic properties of water. All calculated parameters, such as the O-H bond length, partial charges on O and H atoms, HOH angle, dipole moment, O-O distance and O-O radial distribution functions, are in good agreement with the results obtained by ab initio simulations [43] , classical simulations [44, 45] and experiments [46] [47] [48] .
The diffusion coefficient of H and O atoms in water is calculated from the long time behavior of the mean squared displacement (MSD), using the Einstein relation (see [45] ). The MSD of the H and O atoms from water molecules is shown in Figure 2 (a). Note that the MSD was averaged from five different water molecules for both O and H atoms. The calculated diffusion coefficients of both H and O atoms are ~0.12 Å 2 /ps and these values correspond fairly well to the ab initio simulation values [43] . Figure 1 ). It is clear that the shapes of the trajectories are similar, which explains that the H and O atoms of a single water molecule travel as one system (i.e., the water molecule does not dissociate during the long period of the simulation). The denser profile for H compared to O is the result of the higher oscillation of the former.
Behavior of the plasma species in a liquid layer
To investigate the reaction mechanisms of incident plasma species with water, we performed MD simulations as follows. Each plasma particle is randomly positioned at a minimum distance of 10 Å above the water slab. This is done to ensure that there is initially no interaction between the plasma species and water due to long distance interactions (i.e. Coulomb and van der Waals interactions). The initial energy of the impinging plasma species corresponds to room temperature and their velocity directions are chosen randomly; the thermal velocity of the plasma species ranges between 2.5 and 5.5x10 3 m/s at 300 K. The interaction mechanisms of the plasma species with water will be discussed below in the following order: O, OH, HO 2 and H 2 O 2 .
The interaction mechanism of O atoms as well as OH radicals with water is presented in Figure 3 . For clarity, we numbered the atoms that participate in the dissociation of O-H bonds. After approaching one of the water molecules (Figure 3(a) ), the O atom abstracts a hydrogen atom and two OH radicals are created (see Figure 3(c) ). Figure  3(f) ). Note that prior to the formation of this new OH radical and water molecule, the reactants go through an intermediate complex (see blue dashed curve in Figure 3(e) ). Thus, the OH radical and water react with each other, exchanging a hydrogen atom and reforming the reactants. This is clearly shown in the reaction scheme given in eq. 1:
This reaction was observed during the whole simulation period, i.e., 1.4 ns. Hence, the interaction of O atoms with water always results in the formation of OH radicals, whereas the interaction of OH radicals with water leads to the consecutive formation of new OH radicals and water. Figure 4 illustrates the interaction of the HO 2 radical with water. It is clear that the reactants again first go through an intermediate complex (see blue dashed curve in Figure 4 The reaction scheme for HO 2 is given in eq. 2:
It is obvious from eq. 2 that every reaction step is in equilibrium, which is in agreement with literature, since it is known that HO 2 dissociates into H + and O 2 -in aqueous phase with an equilibrium constant of 2.1x10 -5 [49] . Moreover, it is stated that HO 2 is a better proton donor but a weaker proton acceptor than water [50] . Our calculations predict that in most cases the ions almost immediately (i.e., within a few fs) recombine to recreate the hydroperoxyl and water molecules, which is indeed like expected, based on the equilibrium constant [49] . However, we also observed an analogue mechanism in which recombination also takes place, but only after the hydrated proton (H 3 O + ) is transported through exchanging the H + between several water molecules. This can be explained by "structural diffusion", i.e., the continuous interconversion between hydration complexes, as shown in [51] . In the case of H 2 O 2 , no bond breaking events occurred in water, pointing out the stability of H 2 O 2 in water. Moin et al have investigated the stability of H 2 O 2 in water, using ab initio quantum mechanical charge field MD simulations [52] . Their study revealed that there are at least four hydrogen bonds found between H 2 O 2 and water molecules, which leads to a strong binding of H 2 O 2 with water molecules, and which is responsible for the stabilization of H 2 O 2 in aqueous solution [52] .
We have also studied the interaction of plasma species with each other (e.g., OH with OH) in water. To investigate this, particles of the same plasma species were randomly positioned above the surface of water. To prevent premature reaction of these species with each other in the gas phase, we shifted them closer to the surface, i.e. to z ≈ 55 Å (cf. Figure 1) , and we positioned them relatively far from each other (i.e., at least 7 Å). Keeping these restrictions in mind, the maximum number of particles that could be simulated was seven (e.g., seven OH radicals). The total simulation time for this study was 100 ps and for each type of plasma species 5 runs are carried out. This time is long enough for reactions to occur. Again we will discuss the results in the following order: OH, HO 2 and H 2 O 2 . O atoms will not be considered, since they quickly form OH radicals when they react with water molecules (see Figure 3(a-c) above) .
The calculations for the OH radicals have revealed that these species do not react with each other in water.
HO 2 radicals, on the other hand, do react with each other according to the following reaction scheme:
The same aqueous phase reaction scheme was shown in [49] As mentioned above we do not follow O 3 species because of the limitations of the force field used in our simulations. However, it is stated in literature that O 3 species are relatively unstable in aqueous solution and decompose slowly but continuously to oxygen [53] . Furthermore, this stability also depends on the source of water (e.g., pure, tap, buffered, etc.) [53] . The dissolution of O 3 , in turn, occurs through a complex mechanism, resulting in the formation of OH, HO 2 and HO 3 radicals [50] . From these considerations, we can say that although the interaction of O 3 species with water was not investigated, we did investigate the most important active components of O 3 , i.e., OH and HO 2 [50] , which will be responsible for their reactivity in water.
Trajectory of the plasma species in a liquid layer
The trajectories of OH, HO 2 and H 2 O 2 species in the water slab are presented in Figure 5 . The trajectory of the O atom is not presented, as it immediately forms OH radicals. Note that the trajectories are calculated for a long time (i.e., 1.4 ns) in order to reveal whether the above mentioned species can penetrate the water layer or not. Obviously, all three species can travel through the interface, penetrate deeper and even cross the central line of the water slab (i.e., z=36.2 Å). It can be deduced from Figure 5 that the trajectories of the H 2 O 2 and HO 2 species are continuous, while the trajectory of the OH radical is composed of broken curves. Indeed, as was mentioned above, the OH radicals continuously react with water molecules, abstracting a H atom from water and forming a new OH radical (see Figure 3(d-f) ). When a new OH radical is created the trajectory jumps from the previous OH radical to the new one for ~2 Å, since the average O-H bond length of a water molecule is d=0.98 Å (see [45] ). Note that in the calculation of the trajectory we also take into account an OH radical which is in the intermediate structure (Figure 3(e) ). Thus, the trajectory of an OH radical is, in fact, the trajectory of numerous short lived OH radicals.
In Figure 6 the spatial distribution of the OH, HO 2 and H 2 O 2 species is plotted along the z-axis of the simulation box. Each probability density was obtained by averaging five trajectories. Every trajectory started from the top of the water slab and was integrated for 1.4 ns. Figure 6 only illustrates the onset of the transport of the plasma species. Indeed, after a sufficiently long time the graphs would become symmetric. It is clear that in the case of the OH radicals the shape of the shaded area is more or less symmetric (the symmetry line lies at z=36.2 Å, see above), whereas it is more shifted upwards in the cases of H 2 O 2 and HO 2 . This means that the OH radicals are more rapidly transported than the other two species, and therefore, this species may essentially be found anywhere in the water slab during the simulation time of 1.4 ns. Note that the diffusion of OH radicals is always assisted by chemical reactions (see eq. 1 and Figure 3(d-f) ). In contrast to OH radicals, the HO 2 radicals are rather found in the interface than in the bulk water, which means that the HO 2 radical is less rapidly transported than the others. Moreover, it was found by Shi et al [54] that it is energetically favorable for the HO 2 radical to bind to the outside of a water cluster (because of less disruption of the water cluster network and a higher stabilization due to hydrogen bridge formation). So, it is well possible that for this reason HO 2 spends more time in the interface than in the bulk water, due to stabilization. As can be seen from Figure 6 , the diffusivity of the H 2 O 2 molecule is in between OH and HO 2 . This was also observed in our simulation when we calculated the MSD (averaged from five runs) as well as the diffusion coefficients of the OH, HO 2 and H 2 O 2 species in water, which are shown in Figure 7 . The calculated diffusion coefficients for OH and H 2 O 2 are ~0.84 and ~0.13 Å 2 /ps, respectively, which correspond well to the values found in the literature (i.e., 0.71 Å 2 /ps for OH [55] , and between 0.13 and 0.15 Å /ps). The small difference between our value for the diffusion coefficient of OH and the value from ref. [55] is probably due to the fact that their simulation does not take any reactivity of OH into account, so our simulation provides a more realistic description of the system.
Conclusions
In conclusion, we employed reactive MD simulations based on the ReaxFF potential in order to study the interaction of reactive oxygen species (i.e. O, OH, HO 2 and H 2 O 2 ) with water. The bond formation and breaking mechanisms were studied in detail. Our calculations reveal that O atoms immediately react with water molecules when they reach the surface, resulting in the formation of two OH radicals. OH radicals themselves also react with water, exchanging a hydrogen atom and reforming the reactants (i.e., forming a new OH radical and a water molecule), a process which is continuously repeated. In most cases, HO 2 radicals react with water molecules, forming a superoxide (O 2 -) and hydrated proton (H 3 O + ), but recombining back (within a few fs) to recreate the hydroperoxyl and water molecules. However, we also observed an analogue mechanism, in which this recombination takes place, but after the hydrated proton (H 3 O + ) is transported through exchanging the H + between several water molecules. This can be explained through the continuous interconversion between hydration complexes, as shown in [51] . H 2 O 2 molecules do not react at all, when they are solely surrounded with water molecules. However, when two or three H 2 O 2 molecules are in close vicinity of each other, these species react with each other, dissociating into HO 2 radicals and water molecules. HO 2 radicals also react with each other, provided they are sufficiently close to each other in water, forming H 2 O 2 and O 2 molecules. OH radicals, on the other hand, do not react with each other, even if they are sufficiently close in a water solution.
The calculated trajectories of the above mentioned species for a long time (i.e., 1.4 ns) have revealed that OH, HO 2 and H 2 O 2 can travel through the water layer and eventually reach the surface of biomolecules. OH and HO 2 radicals travel by forming new OH and HO 2 , while H 2 O 2 molecules just travel without reaction. The spatial distributions of OH, HO 2 and H 2 O 2 have shown that the diffusivity is highest for the OH radicals and lowest for the HO 2 radicals. The diffusion coefficients for OH, H 2 O 2 and HO 2 are calculated to be ~ 0.84, 0.13 and 0.07 Å 2 /ps, respectively. Finally, our calculations predict that the main (i.e., first and second generation) plasma species, which will be present in the liquid layer, and thus can possibly interact with bio-organisms are OH, HO 2 
